Usher syndrome (USH) is the leading cause of inherited deaf-blindness, with type 2 (USH2) being the most common clinical form. Studies suggest that proteins encoded by USH2 causative genes assemble into the ankle link complex at the hair cell stereociliary bundle; however, little is known about the in vivo assembly and function of this complex. Using various USH2 mutant mice, we showed by immunofluorescence that USH2 proteins play different roles in cochlear ankle link complex assembly, with GPR98 being the most important protein. Complex assembly likely occurs at the stereociliary bundle but not along the protein transport route in the cell body.
Introduction
The stereociliary bundle of cochlear hair cells is a highly specialized structure critical for transducing mechanical sound stimuli into electrical signals. This structure consists of actinbased stereocilia arranged into three rows of increasing length and a microtubule-based kinocilium that exists only during early development. In the stereociliary bundle, orderly stereociliary organization and appropriate stereociliary biophysical properties are essential for high-fidelity mechanotransduction and eventual sound perception (1) (2) (3) . During development, the stereocilia of hair cell bundles differentiate from microvilli and grow differentially to reach their final lengths, thicknesses and rigidity. Simultaneously, the growing stereocilia and the kinocilium move from the center to the periphery on the hair cell apex to establish bundle polarity (4) (5) (6) (7) (8) . Throughout this process, various fibrous links develop among the kinocilium and stereocilia (9) , and it is hypothesized that these links assist in maintaining stereociliary cohesion.
Previous studies have discovered that genes associated with Usher syndrome (USH), an incurable genetic disease, encode protein components of some of these fibrous links (10) (11) (12) .
USH is the major cause of combined hearing impairment and retinal degeneration (13) (14) (15) .
The predominant clinical form of USH is type 2 (USH2). Currently, ADGRV1 (adhesion G protein-coupled receptor V1, also known as GPR98, VLGR1 or MASS1, MIM *602851) (16) , USH2A (MIM *608400) (17) and DFNB31 (also known as Whrn in mice, MIM *607928) (18) have been identified as causative genes, and PDZD7 (PDZ domain-containing 7, MIM *612971) as a modifier gene in USH2 patients (19) . GPR98 protein encoded by ADGRV1 is a major component of ankle links (20, 21) , which connect stereocilia at their bases and exist transiently in developing mammalian cochlear hair cells (9) . Usherin, whirlin and PDZD7 proteins are the by guest on November 7, 2016 http://hmg.oxfordjournals.org/ Downloaded from studies, cochlear morphology was examined using low magnification electron microscopy or phalloidin fluorescence staining, and thus details of the stereociliary bundle defects were not revealed. Furthermore, the hearing loss in Ush2a knockout mice was characterized as late-onset, mild and only at high frequency (28) , which differs significantly from the early-onset hearing loss throughout all frequencies tested in other USH2 mutant mouse lines (20, 22, 24, 26, 27, 30) . Therefore, it is currently still unclear how the ankle link complex keeps stereocilia wellorganized during stereociliary bundle development and how the individual components contribute to the function of the whole complex.
Here, we investigated thoroughly the ankle link complex using a series of USH2 mutant mouse lines, all of which are on a similar genetic background. We addressed the assembly and function of the ankle link complex at an early postnatal time point, P4, when the complex and its associated ankle links become robust (9, 20, 21, 23, 24, 31) . Using high-resolution immunofluorescence, we examined systematically the roles of each USH2 protein in the normal localizations of ankle link complex components, which is a prerequisite for complex assembly.
We also studied the functions of individual USH2 proteins during cochlear stereociliary bundle development and described their involvement in regulating stereociliary thickness, rigidity and organization, roles which are different from the stereociliary cohesion function of USH1 proteins.
Our study reveals different contributions of individual USH2 proteins to the assembly and function of the ankle link complex and indicates a potential genotype-phenotype correlation in USH2 patients. Our findings are significant for understanding hair cell development and USH2 pathogenesis, and will have a potential impact on USH2 diagnosis, prognosis and treatments.
Results

GPR98 is required for the assembly of the ankle link complex in cochlear hair cells
Usherin, whirlin and PDZD7 distribution was examined in cochlear hair cells of Adgrv1 -/-mice at P4. These mutant mice were verified to express no GPR98 protein by immunostaining of the cochlea and immunoblotting of the retinal lysate using antibodies against GPR98 N-and Cterminal regions (Fig. 1A and data not shown). Usherin immunofluorescence was found at the stereociliary base, the location of the ankle link complex, in both IHCs and outer hair cells (OHCs) of wild-type cochleas (Fig. 1B) , whereas it was completely absent in IHC and OHC stereociliary bundles of Adgrv1 -/-mice ( Fig. 2A) . Whirlin was detected at both the tip and ankle link complex of stereocilia by an antibody against both whirlin long and short isoforms in wildtype cochlear IHCs and OHCs (Fig. 1C ), in agreement with previous publications (24, 31, 32) .
By contrast, whirlin immunoreactivity was undetectable at ankle link complexes but was present at the tips of Adgrv1 -/-cochlear stereociliary bundles (Fig. 2B) . The observed localization of usherin and whirlin in P4 Adgrv1 -/-cochlear hair cells are consistent with an earlier report of usherin and whirlin localization in cochlear hair cells of another Adgrv1 knockout mouse line, Adgrv1 tm1Msat , at P6 (21) . Although we demonstrated previously that PDZD7 is mislocalized in
Adgrv1
-/-cochlear stereociliary bundles (24) , image quality in that study prevented a detailed analysis. The improved technique applied in this study revealed that the PDZD7 signal was mislocalized from stereociliary bases (shown for the wild-type, Fig. 1D ) to almost the entire stereociliary length except for the tips in Adgrv1 -/-cochlear hair cells (Fig. 2C ). Note that these base 2 days ahead of that at the cochlear apex (33), the similar distribution patterns of the ankle link complex components across the entire cochlea in the absence of GPR98 indicate that the abnormal distribution of ankle link complex components starts earlier than P4. In summary, GPR98 was found to be indispensable for normal localization of other ankle link complex components (usherin, whirlin and PDZD7) in cochlear hair cells, and thus plays a critical role in the assembly of the ankle link complex. These data also suggest that transport of whirlin and PDZD7 from the cell body to the stereociliary bundle may not require expression of Adgrv1 and that an unknown mechanism appears to exclude PDZD7 from the stereociliary tip where whirlin is localized.
Because GPR98 is a major component of ankle links in cochlear hair cells (20, 21) , we next investigated whether disruption of ankle links could disturb the assembled ankle link complex.
Subtilisin proteolysis was shown to disrupt ankle links and GPR98 immunofluorescence in cochlear stereociliary bundles (9, 21) . We therefore examined whether disruption of ankle links and degradation of GPR98 by subtilisin alters the localization of usherin, whirlin and PDZD7 at the ankle link complex. We found that treatment of wild-type cochleas with subtilisin for 15 minutes eliminated immunofluorescence from an antibody against the GPR98 N-terminal extracellular region (Fig. 3A) but not from an antibody against the GPR98 C-terminal intracellular region (Fig. 3B ), indicating that subtilisin treatment under our condition degraded only the GPR98 extracellular region, i.e., the ankle links. We then examined the effect of the subtilisin-mediated loss of the GPR98 extracellular region on the distribution of usherin, whirlin and PDZD7 in cochlear stereociliary bundles. Note that usherin is a second transmembrane protein of the ankle link complex, and our usherin antibody detected the usherin cytoplasmic region. Compared with the PBS-treated control group, localization of usherin, whirlin and PDZD7 at the ankle link complex did not change significantly along the entire cochlea after subtilisin treatment ( Fig. 3C-E ). These findings demonstrate that, at least for a short time period, GPR98 is anchored by its intracellular region and that this region of GPR98 is sufficient for maintenance of the ankle link complex in cochlear hair cells.
Usherin is essential for recruiting whirlin and PDZD7 to the ankle link complex in cochlear hair cells
We examined whether usherin plays a role in the localization of GPR98, whirlin and PDZD7
at the ankle link complex by immunostaining P4 Ush2a -/-cochlear hair cells and observing the immunofluorescence along the entire cochlea. GPR98, detected by the antibody against the GPR98 N-terminal intracellular region, was localized at ankle links of the stereociliary bundle in wild-type IHCs and OHCs (Fig. 1A) , as shown in other reports (20, 21, 23, 24) . Elimination of Ush2a expression resulted in significant changes in the GPR98 signal pattern (Fig. 4A ). Among 44 IHCs examined from more than three litters of Ush2a -/-pups, GPR98 signals were found to be mislocalized (30% at both the tip and base, 27% mainly at the tip, 16% mainly at the base, 11% others; Fig. 4Aa and Ac). Occasionally, normal GPR98 distribution at the ankle link complex was clearly observed (16%, Fig. 4Ab ). Among 76 OHCs examined from the same pool of animals, approximately 63% showed random GPR98 punctate signals along the entire stereocilium ( Fig. 4Ad) , 15% had GPR98 signals at the stereociliary tip or both the stereociliary tip and base, and 22% appeared to have normal GPR98 signal at the stereociliary base. In Ush2a -/-mice, whirlin immunofluorescent signal was missing at the base of stereocilia, while it cochlear hair cells, which was along the entire stereocilium except the tips (Fig. 4C) . Therefore, usherin is indispensable for normal whirlin and PDZD7 localization and plays a partial role in GPR98 localization at the ankle link complex in cochlear hair cells. A small amount of GPR98
can be localized at ankle links independent of usherin, whirlin and PDZD7. These findings also imply that GPR98, whirlin and PDZD7 can be transported to the stereociliary bundle without assistance of usherin.
Whirlin plays a minor role in recruiting ankle link complex components for complex assembly in cochlear hair cells ankle link complex components to the correct location within stereocilia for complex assembly and is dispensable for transport of these components from the cell body to the stereociliary bundle.
USH2 proteins contribute differently to the function of the ankle link complex in stereociliary bundle morphogenesis
To study the function of the ankle link complex and contributions of each USH2 protein to this function, we performed scanning electron microscopy (SEM) to examine stereociliary bundle morphology in the middle turn of cochleas of various USH2 mutant mice, except Dfnb31 wi/wi mice, which have already been well-characterized (34, 35) . To reveal the stereociliary bundle defects caused primarily, but not secondarily, by disruption of the ankle link complex, P4 was chosen as the time point in this study. Additionally, our Adgrv1
Dfnb31
neo/neo and wild-type control mice were on a similar genetic background (mixed C57BL6/129sv), allowing direct comparison of their phenotypes.
Adgrv1 -/-
, Ush2a -/-and Dfnb31 neo/neo OHC bundles all exhibited obvious morphological defects, while wild-type OHC bundles displayed a sharp V-shaped array of stereocilia organized in three rows of different lengths (Fig. 7A ). Adgrv1 -/-mice showed stereocilia tilted at their bases, blocking the view of shorter stereociliary rows in many OHC bundles, although these stereocilia still remained cohesive as a bundle with apparently normal length (Fig. 7A , Bf-g). The tilting of
Adgrv1
-/-OHC stereocilia was not due to an improper imaging angle, because IHCs in the same cochlear region showed standing stereocilia (Fig. 7Ab ). Although we could not measure directly the stereociliary rigidity due to lack of appropriate experimental settings, this phenotype implied that the stereociliary rigidity was reduced at the stereociliary base in the absence of GPR98. This "fallen" stereociliary phenotype has also been reported in P14 BUB/BnJ mice, which carry the same Adgrv1 mutant allele (26) . Missing stereocilia in the shortest row of Adgrv1 -/-OHC bundles were also observed on rare occasions when stereocilia did not tilt ( Fig. 7Bh-i Considering the role of GPR98 in ankle link complex assembly as described previously in this study, the abnormal phenotypes in Adgrv1 -/-mice are highly likely caused by complete disruption of the ankle link complex. Therefore, the observed stereociliary defects in Adgrv1 -/-mice reveal the comprehensive functions of the ankle link complex, which are the regulation of stereociliary base rigidity and V-shaped three-row staircase arrangement in OHCs as well as regulation of stereociliary thickness and differentiation in IHCs.
Loss of individual USH2 proteins at the ankle link complex results in different severities of hearing impairment
The different cochlear stereociliary morphological defects observed in USH2 mutant mice prompted us to evaluate the severity of hearing impairment in these mice by auditory brainstem 
Discussion
This study is the first to systematically investigate the in vivo protein assembly and function of the ankle link complex during cochlear stereociliary bundle development. We showed that USH2 proteins play distinct roles in ankle link complex assembly by localizing the complex components, but are dispensable for complex component transport to the stereociliary bundle post-biosynthesis. GPR98 and usherin, but not whirlin, were found to be essential for ankle link complex assembly. Our morphological study revealed that, unlike the roles of USH1 protein complexes in stereociliary bundle cohesion and orientation, the ankle link complex and the ankle link itself are essential for stereociliary diameter and differentiation in IHCs and for stereociliary rigidity and V-shaped three-row organization in OHCs. The loss of individual USH2 gene expression led to different severities of cochlear stereociliary bundle defects and hearing loss, indicating a potential correlation between genotype and phenotype in USH2 patients.
As shown in Fig. 11A , the three USH2 proteins participated differentially in the localization of ankle link complex components in cochlear hair cells. GPR98 determined the localization of all other components (usherin, whirlin, and PDZD7) at the ankle link complex. Vezatin, a candidate ankle link complex component, has also been shown to require GPR98 for its localization at the ankle link complex (21) . Thus, GPR98 appears to be indispensable for anchoring the ankle link complex. Similarly, usherin was also crucial for retaining the ankle link complex by controlling the normal localization of whirlin, PDZD7 and a fraction of GPR98. The partial role of usherin in GPR98 localization is probably due to lack of direct interaction between usherin and GPR98 (25) and the presence of relatively less usherin than GPR98 in the ankle link complex, as suggested by a 20:1 molecular ratio of GPR98 to usherin reported in chicken vestibular stereociliary bundles (23) . By contrast, whirlin only partially localized GPR98 and had no effect on usherin and PDZD7 localization. The trivial role of whirlin in recruiting other components to the ankle link complex is probably compensated to some extent by its close homolog protein, PDZD7, which was shown to be involved in localizing GPR98, whirlin and a small fraction of usherin in cochlear hair cells (Fig. 11A ) (24) . The distinct contributions of USH2 proteins to the assembly of the hair cell ankle link complex differ from their roles in assembly of the photoreceptor periciliary membrane complex, where each USH2 protein is responsible for recruiting the entire pools of other USH2 proteins for complex assembly and PDZD7 is dispensable (22, 24) .
Our findings strongly support the notion that GPR98, usherin, whirlin and PDZD7 proteins assemble into the ankle link complex in vivo. (25) : GPR98 prefers to bind to PDZD7 rather than whirlin; usherin prefers to bind to whirlin rather than PDZD7; and GPR98 binds to usherin through the dimerization of PDZD7 and whirlin. Therefore, based on our previous and current studies, we propose that interlocking relationships between the four proteins occur during ankle link complex assembly in cochlear hair cells (Fig. 11B) . Upon being delivered at the stereociliary bundle from the cell body, GPR98 and PDZD7 are kept at the stereociliary base, probably through their direct interaction and associations with other local extra-and intra-cellular structures; some GPR98 is anchored to the stereociliary base independently of any USH2 proteins; usherin is maintained at the stereociliary base by PDZD7
as well as a so far unidentified mechanism that may indirectly depend on GPR98; both GPR98
and usherin recruit the two scaffold proteins, PDZD7 and whirlin, to their proximity with distinct preferences; and, finally, when the four USH proteins are all colocalized at the stereociliary base, they assemble into the ankle link complex.
We believe that the cochlear stereociliary bundle defects and hearing impairment of USH2 mutant mice observed in this study result primarily from the disruption of the ankle link complex, rather than the loss of individual USH2 protein functions before ankle link complex formation or dysfunction of whirlin at the stereociliary tip. GPR98, usherin and whirlin protein expression in the cochlea starts at embryonic day (E) 17 (21), E18 (24) and E20 (31), respectively; however, the cochlear hair cell phenotypes of Adgrv1
, and Dfnb31 neo/neo mice are evident only at or after P2 when the ankle links emerge (20) (21) (22) (26) (27) (28) (29) , suggesting that the three USH2 proteins have minor roles before their involvement in the ankle link complex. Furthermore, the correlation between the severity of ankle link complex disruption and stereociliary bundle defects in USH2 mutant mice at P4 (Fig. 11C, D Further, the ankle link complex probably plays an essential role in strengthening the stereociliary base before maturation of the stereociliary rootlet (at P14), a dense cytoskeleton bundle originating from the stereociliary base and extending into the cuticular plate, which provides a resilient mechanic support to stereocilia in mature hair cells (40, 41 (21, 27) . Further, our two Dfnb31 mutant mouse lines with different mutant alleles demonstrated consistent molecular defects in cochlear stereociliary bundles (Figs. 5 and 6) . Therefore, the mutations in our USH2 mutant mice are probably loss-of-function mutations at the ankle link complex. Our study indicates a potential genotype-phenotype correlation in USH2 patients carrying loss-of-function mutations of USH2
genes. In summary, this study sheds novel light on the molecular mechanism underlying stereociliary bundle development and the disease mechanism underlying hearing loss in USH2. rabbits. Antibodies (except the whirlin antibody) were purified by flowing the sera of immunized rabbits through a column cross-linked with a His-tag to clear antibodies against His-tag, and a second column cross-linked with the cognate antigen. The antibody directed against both whirlin long and short isoforms was affinity-purified against a GST-tagged whirlin fragment (721-907 aa, NP_082916). Specificity of each antibody was confirmed by lack of immunoreactivity in corresponding mutant cochlear hair cells (Fig. 1) . The antibody against the GPR98 C-terminal region was described previously (22) . Alexa fluorochrome-conjugated phalloidin and secondary antibodies were purchased from Life Technologies (Carlsbad, CA, USA).
Materials and Methods
Animals
Immunofluorescence and subtilisin treatment
Mouse cochleas at P4 -P8 were dissected, fixed in 4% formaldehyde/PBS from 30 min to overnight (depending on the antibody to be used) and permeabilized by 0.5% Triton X-100/PBS for 15-20 min. For usherin and whirlin antibodies, subsequent incubations of cochleas in 50 mM
NH4Cl for 15 min and in TTBS (20 mM Tris pH 7.5, 150 mM NaCl, 0.1% Tween 20) for 10 min were performed. Whole-mount cochleas were then blocked in 5% goat serum/PBS for 1 h, incubated with primary antibodies in 5% goat serum/PBS at 1:2000 at 4ºC overnight, washed several times with PBS, and then incubated with Alexa Fluor ® 594-conjugated secondary antibodies and Alexa Fluor ® 488-conjugated phalloidin in 5% goat serum/PBS for 1-2 h. The cochleas were then viewed and photographed using a confocal laser scanning microscope (Olympus Fluoview 1000, Tokyo, Japan). For each antibody and genotype, more than three experiments were performed by two independent researchers using pups from at least three litters.
Subtilisin treatment was performed twice by incubating exposed stereociliary bundles of wild-type mouse cochleas in PBS containing 50 μg/ml subtilisin (protease type XXIV, SigmaAldrich) for 15 min at room temperature. Incubation in PBS under the same condition was conducted simultaneously as a negative control. After subtilisin treatment, the above immunofluorescence procedure was followed to localize USH2 and PDZD7 proteins.
Scanning electron microscopy (SEM) and stereociliary thickness measurement
Mouse cochleas at P4 were isolated, fixed in 4% formaldehyde/PBS for 1 h, dissected to remove the tectorial membrane and further fixed in 2.5% glutaraldehyde/PBS overnight.
Cochleas were then rinsed in PBS and post-fixed by alternative incubations (OTOTO) in 1% osmium tetroxide (O) for 1 h, water 1 min six times and 0.3% thiocarbohydrizide (T) for 20 min.
The cochlear tissues were then washed in water 15 min twice, dehydrated by passing through a graded ethanol series (30, 50, 70, 90, 95 and 100% for 5 min each), dried by incubation with hexamethyldisilazane (50% in 100% ethanol for 5 min and 100% for 5 min twice) and kept in a desiccator overnight. Images were taken on a Hitachi S-4800 scanning electron microscope. For each genotype, several pups per litter were examined from at least three litters.
Stereociliary thickness was measured on high-magnification SEM images (~11,000X) taken from the cochlear middle turn using ImageJ (NIH). For each IHC, two stereocilia with a clear top view in the tallest row of stereociliary bundles were measured, and the average of the two measurements was taken to represent the stereociliary thickness of the cell. In the case that the top profile of stereocilia was an oval-like shape, the largest diameter was measured.
Measurements were conducted from IHCs of more than four pups for each genotype (Fig. 8 ).
Data were normalized using wild-type cochleas in the same sample processing batches. Student's t-tests were performed to analyze the significance of differences among different genotype groups.
Auditory brainstem response (ABR) and distortion product otoacoustic emission (DPOAE) tests
ABR and DPOAE tests were conducted in a double-walled sound chamber (IAC) as described previously (24) . Briefly, mice were anesthetized with a combination drug of ketamine (100 mg/kg) and xylazine (10 mg/kg) administered by intraperitoneal injection. For ABR tests, an electrostatic speaker (EC-1, Tucker-Davis Technology, Alachua, FL) fitted with a 1.5-cm long polyethylene tube was placed abutting the ear canal. Needle electrodes were placed subcutaneously at the mastoid of the tested side and vertex, with a remote ground placed in the rump area. ABR signals were amplified with a TDT RA4 pre-amplifier, bandpass (100-3000 Hz) filtered, digitized and averaged with a RA16BA processor controlled by TDT BioSigRP software.
Stimuli were generated digitally in SigGenRP, processed by a RX6 real-time processor and passed through a PA5 attenuator prior to delivery to the speaker. Responses to 1,024 sweeps were averaged for a series of responses to tone pips ranging from 4 to 45.2 kHz (5 ms with 0.5 ms cos 2 rise and fall) using 5 or 10 dB intensity steps, over a 15-90 dB SPL range. ABR thresholds were determined as the lowest intensity at which the response was clearly discernible.
DPOAEs were measured using digitally generated stimuli of two primary tones f1 and f2 (f2/f1 =1.2) with f2 = f1 -10 dB. Primary tones (f1) were stepped from 30 to 80 dB SPL in 10 dB 
